Publisher's PDF, also known as Version of record Link back to DTU Orbit Citation (APA): Thirstrup, C. (1995). Refractive index modulation based on excitonic effects in GaInAs-InP coupled asymmetric quantum wells. I E E E Journal of Quantum Electronics, 31(6), 988-996. https://doi.Abstract-The effect of excitons in GaInAs-InP coupled asymmetric quantum wells on the refractive index modulation, is analyzed numerically using a model based on the effective mass approximation. It is shown that two coupled quantum wells brought in resonance by an applied electric field will, due to the reduction in the exciton oscillator strengths, have a modulation of the refractive index which is more than one order of magnitude larger than in a similar quantum well structure based on the quantum confined Stark effect, but with no coupling between the quantum wells. Calculations show that combining this strong electrorefractive effect with self-photo-induced modulation in a biased-pin-diode modulator configuration, results in an optical nonlinearity with a figure of merit of 20 cm3/J at a wavelength of 1.55 pm. This value is large compared to optical nonlinearities originating from band edge resonance effects in 111-V semiconductor materials.
I. INTRODUCTION
NTERFEROMETRIC devices based on a modulation of I the refractive index are attractive for monolithic integration with semiconductor lasers [ 11. For such devices, it is desirable to obtain maximum refractive index changes and minimum absorption losses. In multiple quantum well (MQW) structures, it has been shown by Zucker er al. [2] that a large refractive index modulation can be achieved close to the absorption edge due to the quantum confined Stark effect (QCSE). For waveguide applications, however, the operating wavelength needs to be sufficiently below the absorption edge where the change in the refractive index has decreased significantly. Carrier effects do not suffer from the same limitations, and larger refractive index modulation at similar absorption losses have been obtained due to the bandfilling effect in a barrier, reservoir, and quantum well electron transfer device [l] , [3] . On the other hand, it has been shown theoretically that for a three-step asymmetric coupled quantum well structure, the QCSE yields an enhancement in the refractive index modulation by approximately one order of magnitude, compared to the case for a conventional MQW structure [4] .
Another possibility is to use the effect of excitons in coupled quantum wells. Fox er al. [5] - [7] has investigated this effect in GaAs-GaAlAs symmetric quantum wells (QW's), each with two confined states per QW, the coupling being between the ground state in one QW, and the first excited state in the neighboring QW. This paper focuses, theoretically, on the Manuscript received March 21, 1994 ; revised November 15, 1994 effect of excitons in GaInAs-InP asymmetric QW's on the refractive index modulation, where the coupling is between the two ground states in two neighboring QW's. A numerical model, which takes account of the effect of the Coulomb mixing of the excitons shows that in a structure comprising a coupled QW-structure involving a 30-A and a 40-A GaInAs QW, separated by a 50-A InP barrier, the electric field induced refractive index change is more than one order of magnitude larger than in a structure comprising the same QW's, but with no coupling between the QW's. The QW's are narrow resulting in a negligible QCSE.
Compared to the QCSE, the change in refractive index due to excitons in GaInAs-InP coupled asymmetric QW's is qualitatively different. Below the absorption edge where the optical losses are low, the refractive index change An decreases with increasing electric field until the electron wavefunctions from the two QW's are in resonance, whereupon An increases again and approaches zero at large electric fields (> 70 kV/cm).
The large electrorefractive effect can appropriately be utilized in devices based on nipi-structures [8] or biased-pindiode structures, where photogenerated carriers induce a modulation of the electric fields across the i-regions comprising the QW's. From this self-photo-induced refractive index modulation, an optical nonlinearity can be defined, and simple estimations show that for a biased-pin-diode configuration, the figure of merit of the nonlinearity is more than one order of magnitude larger than band edge resonance effects in 111-V semiconductor materials. The mechanism is similar to that in a self electrooptic effect device [9] , which is based on a nonlinear modulation of the absorption coefficient rather than a modulation of the refractive index. There is no feedback as in the SEED, however. This paper is organized as follows: Section I1 outlines under which conditions large refractive index changes can be achieved below the absorption edge. A qualitative description of the physical effect of excitons in coupled asymmetric quantum wells is presented in Section 111, and in Section IV, a model of the effect is described. In Section V, numerical results of the refractive index modulation due to excitons in GaInAs-InP coupled QW's are shown, and an analysis of the optical nonlinearity based on the proposed structure and self-photo-induced modulation is presented in Section VI. Finally, in Section VI, the results of the paper are concluded. The bottom of the figure shows the corresponding change in the refractive index. In (a) the absorption edge is displaced from wavelength A 2 to A3 (Type I effect); in (b) the absorption is reduced from 01 to 0 2 in the wavelength regime from A 1 to A 2 (Type I1 effect); and in (c) the two effects from (a) and (h) occur at the same time (Type 111 effect).
REFRACTIVE INDEX MODULATION
The relationship between change in absorption Acu and change in refractive index An is given by the Kramers-Kronig
where X is the wavelength of light and P denotes the principle value of the integral. Fig. l(a) , the absorption edge is displaced from a wavelength X2 to a longer wavelength X3 (Type I effect); in Fig. l(b) , the absorption is reduced from cy1 to a2 in the wavelength regime from XI to A2 near the absorption edge (Type I1 effect); and in Fig In an optical phase modulator based on a waveguide configuration, it is desirable to obtain maximum change in the refractive index with minimum absorption losses. The operating wavelength should, therefore, be larger than X > X3 
(2c)
It is noted from (2) and Fig. 1 , that a Type I effect yields a positive change in the refractive index below the absorption edge, and a Type I1 effect yields a negative change. The Type 111 effect is a sum of these two effects and, depending on whether the shift in the absorption edge or the reduction in the absorption dominates, the effect can be either positive, negative, or zero. Close to the absorption edge ( A = A,) Type I and Type I1 effects have the same sign, and the refractive index modulation is enlarged for a Type 111 effect. In a waveguide configuration, however, the operating wavelength X > X3, implying that An,(X) and A~I I ( X ) have opposite signs and tend to cancel each other (see (2) and Fig. l(c) ).
The QCSE involves a combined shift in the absorption edge and a decrease in the oscillator strengths near the absorption edge, so this effect has the features of Type 111. The bandfilling effect has the features of Type I1 and has proven to yield a stronger electrorefractive effect than the QCSE [3]. As it will be shown in the following, a Type I1 effect can also be obtained by utilizing the effect of reducing the exciton binding energies in narrow GaInAs-InP coupled asymmetric quantum wells, where the QCSE is negligible. QW's can resonantly couple to each other. At zero electric field, the configuration allows two electron subband states (electron subband El for the 40-A quantum well indicated QWl, and electron subband E 2 for the 30-A quantum well indicated QW2), 8 heavy hole subband states, and 3 light hole subband states (the first two heavy hole subband states are indicated HH1 for QWl and HH2 for QW2). The position both QW's. When F is increased to F = 70 kV/cm, the subband energies from the two QW's are now largely separated and El is confined to QW2 and E 2 is confined to QWl. The interchange of the electron wavefunctions between the two QW's involves an anticrossing [5] , [6] of the energy levels, i.e., a minimum level separation of El and E2.
The coupling has an appreciable effect on the excitons. In Fig. 2 (a) where F = 0, the binding energies for the direct excitons corresponding to bound electron-hole pairs of HH2-E 2 and HHl-E1 are strong, due to a large overlap between the wavefunctions. The corresponding exciton oscillator strengths are, therefore, large. The binding energies for the indirect excitons corresponding to bound electron-hole pairs of HHl-E2 and HH2-E1 are small because the overlaps between the wavefunctions belonging to these excitons are small (see Fig. 2(a) ). The corresponding exciton oscillator strengths are, therefore, also small. When the electric field is increased to resonance F = 35 kV/cm (see Fig. 2 (b), the binding energies and oscillator strengths for the direct excitons are reduced, due to a delocalization of the electron wavefunctions. In Fig. 2 (c) the electric field is further increased to F = 70 kV/cm and the electron wavefunctions are localized again, but in the opposite QW's compared to Fig. 2 (a). Now the binding energies and oscillator strengths for the HHl-E2 exciton and the HH2-E1 exciton are strong (large overlap between the wavefunctions) and the binding energies and oscillator strengths for the HH1-E1 exciton and HH2-E2 exciton are weak (small overlap between the wavefunctions). The physical mechanism is thus a reduction in the exciton binding energies and oscillator strengths by resonant coupling between two quantum wells. The reduction in the exciton oscillator strengths causes a similar reduction in the absorption coefficient near the absorption edge. The detailed change in the absorption can be calculated using a computer model, which is described in the following section.
of the lowest subband energy levels are marked with bold solid lines in each QW, and the corresponding electron and heavy hole wavefunctions are plotted with solid curves for I v . MODELING OF EXCITONS IN COUPLED ASYMMETRIC QUANTUM WELLS the states confined to QWl at zero electric field, and dashed curves for the states confined to QW2 at zero electric field. The Coulomb interactions have been ignored in the calculation of these wavefunctions. For a barrier of 50 A, this is a good approxmation, since the magnitudes of the electron wavefunctions in Fig. 2 are altered less than 4%, even at resonance when the Coulomb interaction is included. For wider barriers, the Coulomb interaction increases and the analysis in the following sections will include this effect. It is noted that the electron wavefunctions are modified substantially when the electric field is increased from 0 to 70 kV/cm, and there is a strong coupling between the electron states in the two QW's. The heavy hole wavefunctions experience no noticeable change due to a much stronger confinement, and the coupling between the heavy holes states is negligible. At F = 0, electron state E 2 is confined to QW2 and electron state E 1 is confined to QW 1. At F = 35 kV/cm, the electron subbands of the two QW's are in resonance and the wavefunctions are approximately equally distributed in
A. The Method
A variational model of excitons in coupled symmetric QW's has been reported by Fox et al. [5] - [7] . A similar procedure will be used here for asymmetric QW's, and only a brief description of the model based on the effective mass approximation will, therefore, be presented. With the Coulomb interaction set to zero, the electron and hole envelope wavefunctions in the coupled QW's can be determined using a tunnel resonance method [ll]. The following trial exciton envelope wavefunction can be used for an exciton formed between an ith electron state and a jth hole state qj(v..) ( electron-hole separation, p = d w ; f e n ( z,), and f h j ( z h ) are the electron and hole envelope functions assuming no Coulomb interaction; dei (2,) is the modified electron wavefunction due to the Coulomb interaction and c;, are the variable coupling coefficients. The holes are strongly localized due to a larger effective mass and a larger band offset; the coupling between them is small and will be neglected. The coupling between the hole subbands in each individual QW is also ,neglected here. $l:(p) is a Is like two-dimensional trial wavefunction [ l 11 (4) where X i j is a parameter to be determined variationally.
LJ ( P . Z e , Z h ) = 4 P Z ( Z C ) f h J ( Z h ) l C I ; : ( P )
The exciton binding energy for each exciton formed between an ith electron subband and a jth hole subband is determined by finding the lowest eigenvalue of the exciton Hamiltonian H
This is performed first for i = 1 by varying the variational parameter X l j and the coupling coefficient c11 c12 being determined by requiring that the wavefunction is normalized. The two other coupling coefficients related to i = 2, czl,and c22 are determined by requiring normalization and that the two electron wavefunctions ( c 1 l f e l +c12fe2) and ( c 2 1 f e 1 + c 2 2 f p 2 ) are orthogonal. Now, with the coupling coefficients given, the exciton binding energy for i = 2 is determined by varying the parameter X 2 j . This procedure is carried out for each j corresponding to the heavy hole and light hole subband states.
The exciton binding energies Ez,ij are then given by EZ&J = E% + EJ -G".%J, E,, and EJ being the electron and hole energies corresponding to the wavefunctions &,(z,) and f h J ( z h ) , respectively.
The absorption coefficient for the discrete exciton states is calculated using [ 121 Qex ( & U ) where no is the refractive index, mo is the free electron mass, c is the velocity of light in vacuum, hw is the photon energy, and L1 and L2 are the quantum well widths of QWl and QW2, respectively, ( j l C . pli) is the optical matrix element between the rapid varying Bloch functions, E, is the energy gap of the bulk semiconductor, and S(hw -Emin,i,j -E,) is the delta function. The nonvanishing optical matrix elements for the polarization p , along the plane of the QW's [transverse electric (TE) polarization] and the polarization p , perpendicular to the plane of the QW's [transverse magnetic (TM) polarization] can be determined from symmetry considerations (e.g., [ 131) .
For the exciton continuum states, the following expression for two-dimensional excitons is used [ 141 (7) where R, is the exciton Rydberg, R, = %, pll being the in-plane effective mass of the exciton, p,,(0) is the optical matrix element between the ith subband electron state, and the jth subband hole state at the center of the first Brioullin zone
and J z J ( h w ) is the two dimensional density of states, which for parabolic bands is giving by (9) where B[hw -E, -Ej] is the unity step function. To take account of broadening due to phonons, impurity scattering, electric field inhomogeneities, etc., the delta function in (6) and the unity step function in (9) can readily be folded by Gaussian or Lorentzian functions. We use Gaussian functions which tend to model experimental results better [15] and use the experimental data of the line widths from 1161 (-10 meV at room temperature). This model has yielded good agreement to experimental results of absorption spectra of GaAs-GaAlAs single quantum well structures as a function of the electric field 1171.
B. Results
Using the model described in the previous section, the electrooptical properties of a GaInAs-InP coupled asymmetric QW structure can be determined. The material parameters used in the model are depicted in Table I , and it is assumed that the light is TE-polarized. The following calculations are performed on a 30-A GaInAs quantum well (QWl) and a 40-8, GaInAs quantum well (QW2), separated by a 50-8, or 70-A InP barrier. Fig. 3 shows the results of the position of (a) the four heavy hole exciton transitions with lowest energy, HHj-Ei, and (b) the four light hole exciton transitions with lowest energy, LHj-Ei, where the solid curves are for a 50-A InP barrier and the dashed curves are for a 70-A InP barrier. The notation for the electron and hole subbands is the same as in Fig. 2 . The transition wavelength is defined as
where Emi,,ij is the exciton eigenvalue determined variationally from (5) and the HH1-E2 excitonic transition, which is indirect below resonance and direct above resonance. This means that below resonance, the HH1-E1 excitonic transition is strong (large oscillator strength) and dominates the absorption near X N 1.42 pm (see Fig. 3(a) ), but above resonance the transition becomes weak. The opposite is the case for the HHl-E2 transition. The transition is weak below resonance, and above resonance it dominates the absorption near X N 1.42 pm.
Similarly, anticrossing also occurs between the HH2-E2 exciton and the HH2-E1 exciton. However, this takes place at a lower resonant electric field of Fo S 32 kV/cm for the 50-8, InP barrier and FO S 23 kV/cm for the 70-8, InP barrier. The different value of FO compared to the case of anticrossing between the HH1-E1 exciton and the HHl-E2 exciton is due to the Coulomb interaction between the excitons and the difference is larger the larger the barrier between the coupled QW's. The difference for the 50-8, barrier is -35 kV/cm -32 kV/cm = 3 kV/cm, and for the 70-8, barrier it is -30 kV/cm Fo for all excitons, and the value of Fo lies in between the two different resonant electric fields in Fig. 3 . The light hole excitonic transitions (see Fig. 3(b) ) exhibit a similar behavior. The exciton binding energies are shown for Fig. 4(a) , the four heavy hole excitons with lowest energy, and Fig. 4(b) , the four light hole excitons with lowest energy. The solid curves are for the 50-8, barrier and the dashed curves are for the 70-8, barrier. The different binding energies are indexed as in Fig. 3 . The excitons HH1-E1 and HH2-E2, which are direct below resonance, have large binding energies at low electric fields and small binding energies at large electric fields where they become indirect. The opposite is the case for the excitons HHl-E:! and HH2-El which are indirect below resonance and direct above resonance. It is noted that the transition between high and low binding energy occurs at lower electric fields for the 70-8, barrier (dashed curves) than for the 50-A barriers (solid curves), which is due to the fact that the coupling and therefore, the splitting between the subband energies decreases with increasing barriers. The transition for the 70-8, barrier is also sharper because the tunneling time from one QW to the other increases with increasing barriers [ 181, implying that the broadening of the energy levels decreases with increasing barriers.
Using (6) and (7) , the calculated absorption spectra for the 30-&40-8, coupled QW's with a 50-8, barrier are depicted in Fig. 5(a) of F = 0 kV/cm (solid curve), F = 35 kV/cm (dashed curve), and F = 70 kV/cm (dashdotted curve). The positions of the dominant excitonic transitions are indicated. At F = 0, the HH1-E1 exciton is direct and the HHl-E2 exciton is indirect and the exciton peak at X -1.42 pm is therefore dominated by the HH1-E1 exciton. At resonance F = 35 kV/cm, both excitons contribute to the absorption process, but due to the smaller overlaps between the electron and the hole wavefunctions at resonance (see Fig. 2 ), the delocalization of the excitons results in a reduced absorption near 1.42 pm. At F = 70 kV/cm, the HH1-E1 exciton is indirect and the peak at X -1.42 pm is now dominated by the HH1-E2 exciton, which has become direct. A similar behavior is observed for the other dominant excitonic transitions HH2-E2/HH2-E1, LHl-El/LHl-E2 and LH2-E2/LH2-E1 (see Fig. 5(a) ).
It is observed that the HHl-El/HHl-E2 peak in the absorption spectrum (see Fig. 5(a) ) is only shifted slightly in wavelength and the peak nearly recovers to the same strength as at zero electric field. This is consistent with the fact that according to Figs. 3(a) and 4(a) , there is only a small difference in the positions and binding energies of the HH1-El exciton below resonance and the HHl-E2 exciton above resonance. The exciton peaks belonging to HH1-ElIHHl-E 2 and LHl-El/LHl-E2, however, experience a slight blue shift, whilst the exciton peaks belonging to HH2-E2/HH2-E1, and LH2-E2/LH2-E1 experience a slight red shift when the electric field is increased from F = 0 to F = 70 kV/cm. This is a consequence of the Coulomb interaction. For comparison, Fig. 5(b) shows the similar absorption spectra for 30-&40-A uncoupled QW's (infinite barriers) for F = 0 kVlcm (solid curve) and F = 70 kV/cm (dashdotted curve). In this case, the absorption spectra were obtained by performing calculations for 30 and 40-A single QW's and adding the contributions from the two QW's. The result shows the influence of the QCSE and it is observed to be small compared to the effect of excitonic delocalization.
Performing the Kramers-Kronig transform (1) on the results from Fig. 5 , yields in Fig. 6(a) , and infinite in Fig. 6(b) . In Fig. 6(a) , for F = 35 kV/cm a An of 7.5 x lop3 is obtained at 1.55 pm where the absorption coefficient is small (-5 cm-l). The corresponding change for the uncoupled configuration is more than one order of magnitude smaller: An = 3.8 x for F = 70 kV/cm and even less for F = 35 kV/cm. Fig. 7 shows the calculated An at X = 1.55 pm as a function of the electric field for the 30-&40-8, GaInAs coupled QW configuration with an InP barrier of 30 8, (dashed curve), 50 8, (solid curve), and 70 8, (dotted curve) and for the case of no coupling between the QW's (dashdotted curve).
For the coupled QW's, An decreases with increasing electric field until resonance, whereupon An increases toward zero.
The resonance widths become sharper and the resonance peak moves toward lower electric field for increasing barrier width. This feature is also observed in Figs. 3 and 4 for the position of the excitonic transitions and for the exciton binding energies, respectively. It is interesting to note that for the 70-8, barrier, two resonances occur due to the excitonic splitting. For smaller barriers, the broadening is large and the splitting is too small to be resolved. At small and large electric fields, the result for the 70-8, barrier approaches the result for the QW's with no coupling. Fig. 7 clearly shows that there is a considerable enhancement to An from the effect of delocalized excitons MQW structures comprising 55-A wide GaInAs uncoupled QW's [19] . The coupled QW's are therefore expected to yield a large improvement in the electrooptical response.
B. Self-Photo-Induced Modulation of the Refractive Index
Connecting a pin diode waveguide comprising the GaInAs-InP coupled asymmetric QW structure to a constant voltage source V in series with a resistor R, self-photoinduced phase modulation [20] could be obtained. A fraction of the light propagating in the waveguide is absorbed and creates electron-hole pairs which are swept out of the i-region of the pin diode to the neutral regions by the electric field. This causes a photocurrent flowing in the external circuit and a change in the voltage across the resistor. The subsequent voltage drop across the diode causes a change in the electric field across the QW's and thereby a change in the refractive index.
A simple analytical expression for the optical nonlinearity can be obtained as follows. Due to self-photo-induced modulation, the change in the electric field across the QW's as function of light intensity is given by [20] where 77 is the internal quantum efficiency, W is the width of the waveguide, a0 is the absorption coefficient for the QW's, and Iin is the input optical intensity. If the applied voltage has a magnitude corresponding to an operating point for zero optical intensity of Fo = 30 kV/cm in Fig. 7 , then the change in refractive index is approximately linear in the change in electric field for values ranging from 30 kV/cm to 15 kV/cm (see Fig. 7) where, according to Fig. 7 , the coefficient a1 E 3.0 x lo-' c m N for F = 30 kV/cm and a 50-A InP barrier. The nonlinear coefficient n2 can then be obtained from (10) and (1 1) It is observed that 722 can be enhanced by increasing the resistance of the bias circuit, and this has also been verified experimentally [20] . However, the enhancement is at expense of speed, due to an increased RC time constant. Assuming a wavelength of 1.55 pm, where cy = aorc 2 5 x 0.34 cm-' = 1.7 cm-l, and setting R = 1 kR, 77 = 1, W = 2 pm, L = 0.36 cm in (12), yields 722 = 3.4 x lop8 cm2/W. Using a relative dielectric constant E S = 13 and d = 0.6 pm, the capacitance of the waveguide is and the RC time constant is then TRC = 1.4 ns.
A figure of merit for the optical nonlinearity is often defined as the optical nonlinearity divided by the product of the absorption and the time response. Using (12) and (13), and ~ 995 assuming that aoI'cL << 1, a simple expression can be obtained where the above mentioned parameters have been inserted in the last equality. This figure of merit can be compared to a figure of 0.1 cm3/J reported for GaAs-GaAlAs multiple quantum well waveguides [21] at a wavelength of X = 870 nm and 30 cm3/J for bulk InSb at a wavelength of X = 5.4 pm and at 77 K [22] . In both cases, the physical mechanism due to the nonlinearity were believed to be bandfilling. To the author's knowledge similar data are not available for GaInAs-InP MQW material. However, the figure of merit generally scales with the wavelength to the power of four, T L~/ ( ( Y T ) 0 : X4 [23] . Scaling the figure of merits at 870 nm and 5.4 pm by X4 yields 1 cm3/J and 0.2 cm3/J, respectively. This implies that the predicted value of 20 cm3/J at 1.55 pm is large.
VI. CONCLUSION
The effect of excitons in GaInAs-InP coupled asymmetric quantum wells on the refractive index modulation has been analyzed theoretically in this paper. A large modulation is obtained from excitonic coupling between a wider QW (40 A) and a narrower QW (30 A), both QW's being sufficiently narrow to result in a negligible quantum confined Stark effect. At low electric fields, the excitonic optical transition in the wide QW dominates the absorption near the absorption edge. When the electric field is increased to a value where the two wells couple strongly to each other, the excitons are delocalized and the absorption near the absorption edge is reduced. When the electric field is further increased, localization occurs again and the excitonic optical transition in the narrow QW now dominates the absorption near the absorption edge. As a consequence, the absorption spectrum nearly recovers to the absorption at zero electric field. Due to this effect, a large change in the refractive index can be obtained below the absorption edge. At resonance, the changes are maximum and sufficiently below or above resonance they are close to zero. Numerical calculations show that the changes in refractive index are more than one order of magnitude larger than for the quantum confined Stark effect in a similar QW structure, but with infinite barriers and no coupling between the QW's. In addition, it was shown that combining the effect of excitons in coupled asymmetric QW' s and self-photo-induced modulation results in an optical nonlinearity with a figure of merit of -20 kV/cm, which is predicted to be more than one order of magnitude larger than band edge resonance effects in 111-V semiconductors.
